THERE IS INCREASING INTEREST in human space exploration, including extensive trips to deep-space planets such as Mars. However, the harsh outer space environment, consisting of microgravity and radiation, poses significant health risks for astronauts. For example, microgravity conditions in space have been shown to cause decreased bone mass (5, 6, 9, 14) , bone demineralization (7, 33, 36) , skeletal muscle atrophy (23) , cardiovascular deconditioning (2, 38) , and immune dysfunction (30) . Many of these pathophysiological changes cannot yet be counteracted adequately by physical exercise (18) or nutritional supplementation alone (6, 12, 34) . Therefore, it is imperative to understand the mechanisms of microgravity-induced pathophysiology so that human space exploration can continue with minimal negative effects on astronauts. Furthermore, our knowledge of the mechanisms of inducing spaceflight-dependent health problems may also provide insights into the understanding of pathophysiology occurring in the general population, including osteoporosis, muscle atrophy, and cardiovascular deconditioning.
Unfortunately, it has been difficult and impractical to conduct well-controlled in vitro studies in sufficient numbers in real microgravity conditions because of the limited and expensive nature of spaceflight missions. Thus, to investigate pathophysiology during spaceflight, several ground-based systems, including the two-dimensional (2-D) and three-dimensional (3-D) clinostats and the rotating wall vessel, have been developed to simulate microgravity using cultured cells and tissues (1, 19, 24, 29) . Simulated microgravity is based on the hypothesis that sensing no weight would have effects similar to those of weightlessness (13) . The 3-D clinostat simulates microgravity by continuously moving the gravity vector in three dimensions before the cell has enough time to sense it, which is a method called gravity-vector averaging.
Previous studies have indicated that spaceflight-induced bone loss may be due in part to decreased osteoblastic function with or without enhancing osteoclastic bone resorption (8) . Using 2-D clinostats and rotating wall vessels, simulated microgravity has been shown to inhibit markers of bone mass formation such as alkaline phosphatase (alp) activity and runt-related transcription factor 2 (runx2) activity (24, 42) . While these studies examined only a few candidate genes that are likely to be involved in bone mass regulation, systematic and unbiased characterization of gene expression profiles scanning the majority of genes has not been performed. In the present study, we hypothesized that bone loss due to simulated microgravity is regulated by preosteoblastic gene expression, which inhibits differentiation of the preosteoblasts into mature osteoblasts.
To test this hypothesis, we 1) developed and characterized an in vitro cell culture system using preosteoblast cells (2T3) exposed to simulated microgravity conditions produced by a 3-D clinostat called the Random Positioning Machine (RPM), 2) examined the cell proliferation and the alkaline phosphatase activities of 2T3 cells, 3) performed DNA microarray studies, and 4) validated the microarray data using quantitative realtime PCR and immunoblotting.
METHODS
Cell culture. 2T3 murine osteoblast precursor cells were kindly provided by Dr. Xu Cao of the University of Alabama at Birmingham (40) . The cells were cultured in a growth medium [␣-minimal essential medium containing 10% fetal bovine serum (Atlanta Biologicals) with 100 U/ml penicillin and 100 g/ml streptomycin] in a standard humidified incubator (37°C, 5% CO 2).
Cell seeding into OptiCells and simulated microgravity studies. Confluent 2T3 cells grown in T-75 flasks were trypsinized using 0.05% trypsin-EDTA (Sigma), and 2 million cells were seeded into a gas-permeable cell culture disk (OptiCell) according to the manufacturer's instructions. As shown in Fig. 1A , an OptiCell disk is a sealed cell culture disk encapsulated by two optically clear, gas-permeable polystyrene membranes containing two ports that allow access to the contents of the OptiCell. The internal disk dimensions are 74.8 ϫ 65 ϫ 2.06 mm, and they can be filled with 10 -14 ml of medium. To seed cells on both membranes on each side of the OptiCell, the disks were turned over every 5 min for 1 h. Cells were then grown for 3 days to confluence in 14 ml of growth medium before exposure to the stimulus. The day on which the OptiCells were mounted on the RPM was referred to as day 0. On day 0, the medium was replaced with 14 ml of fresh growth medium, and all of the air bubbles were removed. We found removing the air bubbles to be a critical step in preventing potentially uncharacterized mechanical perturbation during RPM exposure.
Random Positioning Machine. A desktop RPM described by Huijser (15) and manufactured by Fokker Space was used to simulate microgravity. As shown in Fig. 1B , the dimensions of the RPM are 30 ϫ 30 ϫ 30 cm with inner and outer frames that are independently controlled by two different motors. The OptiCell disks were mounted on the center of the platform located on the inner frame, and a maximum of eight disks were used in each microgravity experiment. The RPM was operated in random modes of speed and direction (0.1-2 rad/s) via a computer user interface with dedicated control software inside a humidified incubator (5% CO 2 at 37°C). Under this experimental condition, the cells were exposed to simulated microgravity conditions ranging from 0 to 0.01 g (15) . For static 1-g controls, OptiCell disks seeded at the same time as the microgravity disks were placed into the same incubator as the RPM. Samples were harvested at days 0, 1, 3, 5, 7 , and 9. For a 3-day experiment, the OptiCells were exposed to the simulated microgravity condition without interruption because no medium change was necessary during this period. For experiments taking Ͼ3 days, however, the medium was changed every 3 days (days 3 and 6) by stopping the RPM for ϳ20 min before restarting it.
Cell proliferation assay. To determine cell proliferation, attached cells were collected by trypsinization after experimental treatments, and cell numbers were determined using an aliquot of cell suspension and counted with a Coulter counter.
Alkaline phosphatase assay. After collecting culture medium following exposure to the simulated gravity, cells were scraped in 500 l of lysis buffer containing 0.2% Nonidet P-40 in 1 mM MgCl 2 and stored at Ϫ80°C until needed. Alkaline phosphatase (ALP) activity was determined using a Diagnostics ALP assay kit (Sigma) according to the manufacturer's instructions (26) . Aliquots of lysate (20 l) and p-nitrophenol standard (Sigma) were used for the assay.
RNA isolation, reverse transcription, and quantitative real-time PCR. Total RNA was prepared by using the RNeasy Mini kit (Qiagen) and reverse transcribed by using random primers and a SuperScript II kit (Life Technologies) (31) . The synthesized and purified cDNA was amplified using a LightCycler (Roche Applied Science), and the size of each PCR product was verified by performing agarose gel electrophoresis as we described previously (31) . The mRNA copy numbers were determined on the basis of standard curves generated with the genes of interest and 18S templates. The 18S primers (50 nM at 61°C annealing temperature; Ambion) were used as an internal control for real-time PCR using capillaries (Roche Applied Science), recombinant Taq polymerase (Invitrogen), and Taq start antibody (Clontech). The primer pairs for the quantitative real-time PCR are listed in Table  1 along with their annealing temperatures, extension times, and base pair yields. Real-time PCR for the listed genes was performed in PCR buffer (20 mM Tris-Cl Ϫ , pH 8.4, 25°C, and 4 mM MgCl2, to which was added 250 g/ml bovine serum albumin and 200 M deoxynucleotides) containing SYBR Green (1:84,000 dilution), 0.05 U/l Taq DNA polymerase, and Taq Start antibody (1:100 dilution) as we described previously (31) .
cRNA microarray assay and data analysis. Total RNA was isolated from 2T3 cells exposed to simulated microgravity and static controls Fig. 1 . In vitro simulated microgravity system using 2T3 cells cultured in OptiCell disks and the Random Positioning Machine (RPM). A: OptiCell is a sealed cell culture disk formed between two optically clear, gas-permeable polystyrene membranes containing two ports that allow access to the contents. The internal disk dimensions are 74.8 ϫ 65 ϫ 2.06 mm, which can be filled with 10-to 14-ml of medium. B: RPM is composed of two motors that independently control the rotation of the outer and inner frames. The total size of the RPM is 30 ϫ 30 ϫ 30 cm, with a functional cargo volume of 150 ϫ 150 ϫ 150 mm. OptiCell disks are mounted at the center of the stainless steel platform attached to the inner frame. for 3 days using the RNeasy kit (Qiagen) as described previously. Simulated microgravity and control experiments were performed in triplicate. The samples were reverse transcribed, and the second strand was synthesized using T7 RNA polymerase and biotinylated 2-deoxynucleotide 5Ј-triphosphate according to the Amersham Biosciences instructions (27) . Each cRNA preparation was then hybridized to individual CodeLink Uniset Mouse 1 Bioarrays (Amersham Biosciences) containing synthetic oligonucleotide probes corresponding to 10,000 unique mouse genes in an Amersham Biosciences facility in New Jersey (27) . The gene expression intensity was determined using Cy5-streptavidin conjugated to the biotin. The processed slides were scanned using an Axon GenePix Scanner with CodeLink Expression Analysis software (27) . The fluorescence intensities of individual probes that were above the threshold levels determined using internal controls were considered to be expressed by the cells and were further analyzed using CodeLink software (Amersham Biosciences). The median intensity of all discovery probes in each microarray was used to normalize the fluorescence intensity of individual gene probes (normalized fluorescence intensity) to minimize interarray variations using CodeLink software. The filtered and normalized data were statistically analyzed using Student's t-test, and the genes that changed more than twofold above or below the static 1-g controls with P Ͻ 0.05 in response to simulated microgravity were deemed considerable and significant. These genes were plotted using heat map software that we developed. GoMiner software (http:// www.miblab.gatech.edu/gominer/) was used to sort the genes by biological processes and to assign some of the known functions of each known gene (43) .
Stress and strain analyses. The attached cells grown on the OptiCell membranes could be exposed to mechanical forces such as fluid shear stress and strain in addition to simulated microgravity during the RPM rotation. To visualize the dynamics of the fluid within the OptiCell, we marked the OptiCell disks with calibrated grids and filled them with water containing colored bead markers (1.018 g/ml density; Amersham Biosciences) with a density close to that of water. Short movies were then recorded using a digital camera mounted on the RPM to track the bead movements over precalibrated grids to estimate flow velocities. The shear stress () was calculated using Newton's law of viscosity as follows:
where is the viscosity of water and growth medium at 37°C (6.92 ϫ 10 Ϫ4 and 7.8 ϫ 10 Ϫ4 kg ⅐ m Ϫ1 ⅐ s Ϫ1 , respectively), and h is half the height of the fluid within the OptiCell (1.028 mm). These calculations suggested that the magnitude of shear stress by growth medium at the membrane level was close to 0 for 43 s, 0.09 -0.22 dyn/cm 2 for 13 s, and 0.22-0.44 dyn/cm 2 for 4 s during a 1-min period of random rotation by the RPM. The maximum shear intensity was present at the larger radii of the OptiCell close to the frame, while the center portions of the membranes experienced minimum shear.
Another potential force that cells in the OptiCell disks may experience during the random rotations of the RPM is strain caused by the momentum force of the fluid exerted on the membranes due to sudden directional changes. The strain (⑀) was calculated using the 1-D wave equation with fixed boundary conditions at both ends of the OptiCell frame. In addition, we assumed that the maximum height of the stretched membrane (h) was located at half the membrane length (L). The static solution to this wave equation for the first harmonic with the above constraints can be described as follows:
where f(x) is the assumed shape of the membrane when filled with 14 ml of medium, h is the gap height between the stretched membrane at the center (when filled with medium) and the unstretched membrane (when unfilled), and L is equal to Lshort, one-half the length of the membrane's short side, and Llong, one-half the length of the membrane's long side. To determine the length of these arcs, we used the following integral formula:
We calculated the arc for the filled OptiCell when RPM was not rotating, where the height is equal to h, and then the arc at h ϩ ⌬h, where ⌬h is the change in gap height due to additional membrane stretch occurring during sudden directional changes by the RPM rotation. The strain (⑀) of the membrane along the short and long sides was calculated as follows:
This calculation suggests that maximum microstrain occurs at the center of the longer side of the membrane with a magnitude Ͻ200 microstrains. Although we have not determined the time-dependent changes in the strain, we assume that the maximum strain occurred only briefly during sudden directional changes of the RPM. Statistical analysis. Statistical analysis was performed using Student's t-test for all experiments. A significance level of P Ͻ 0.05 from three or more independent experiments was considered statistically significant.
RESULTS
Exposure of 2T3 cells to simulated microgravity using the RPM does not alter cell morphology and proliferation characteristics. To examine the effects of simulated microgravity on osteoblasts, we developed an in vitro system to expose 2T3 cells grown in gas-permeable culture disks (OptiCell) to the RPM. The morphologies of 2T3 cells grown in standard tissue culture dishes and OptiCells were indistinguishable (data not shown). When cells grown in OptiCells were exposed to the simulated microgravity or static 1-g conditions, the pH of the medium remained neutral at or near pH 7.4 (data not shown). As shown in Fig. 2A , the morphologies of 2T3 cells exposed to static 1-g controls and the RPM were not significantly different from each other.
Next, we examined whether RPM exposure induced any changes in 2T3 cell proliferation. For this study, OptiCells were seeded at 2 million cells per disk. Three days later (day 0 of the experiment), the cell numbers reached ϳ3 million cells per disk (Fig. 2B ). The cells were fed with fresh medium every 3 days during the experiment, and they continued to grow to a maximum of 13 million Ϯ 1.1 million cells (static 1-g control on day 7) and 10.8 million Ϯ 0.3 million cells (RPM on day 7) , showing no statistical difference between the two groups (n ϭ 6 -7 experiments; P ϭ 0.10). The cell numbers in both groups reached a maximum by day 5 and remained unchanged until day 7. The control group tended to show a variable decrease (P Ͼ 0.05) in cell numbers by day 9. To determine whether these variable decreases in cell numbers were due to increased cell detachment caused by a variety of factors including cell overcrowding or cell death, we counted the number of detached cells in the medium on day 9 using a Trypan blue assay.
Although the total number of detached cells tended to be higher in the simulated microgravity group (194,250 Ϯ 6,475) than in the static group (103,600 Ϯ 33,645), this difference did not reach statistical significance (n ϭ 6; P Ͼ 0.05). Taken together, these results suggest that simulated microgravity conditions do not have significant effects on cell proliferation within the experimental periods.
Exposure of 2T3 cells to simulated microgravity inhibits alkaline phosphatase activity. Because alkaline phosphatase is an established marker for osteoblast differentiation and bone mass formation (39), we chose to determine whether exposing 2T3 cells to simulated microgravity using the RPM would inhibit enzyme activity. As shown in Fig. 3 , alkaline phosphatase activity of 2T3 cells increased during culture as expected. The alkaline phosphatase activity of the static-cultured cells dramatically increased more than eightfold within 2 days between days 1 and 3. By day 5, the activity in control cells reached a maximum (24 Ϯ 1 mol⅐min Ϫ1 ⅐mg of protein Ϫ1 ), which remained at the maximum at day 7. In contrast, exposure of 2T3 cells to the RPM significantly blunted the culture time-dependent increase in alkaline phosphatase activity (Fig.  3) . Unlike the static control group, the enzyme activity of the RPM group at day 3 did not increase significantly above the day 1 level. By day 9, the alkaline phosphatase activity was fourfold that of the day 1 level. As shown in Fig. 3 , the enzyme activity of the static 1-g group was 2.7 times higher than that of the RPM group at day 9. This finding that simulated microgravity significantly decreased alkaline phosphatase ac- Fig. 2 . Simulated microgravity has no significant effect on 2T3 cell morphology and proliferation. On day 0, 2T3 cells grown in OptiCells were placed on the RPM or exposed to the static 1-g condition for 1, 3, 5, 7, or 9 days. Cells were fed every 3 days with fresh medium. A: representative phasecontrast photomicrograph (original magnification, ϫ100) of 2T3 cells exposed to either control 1-g condition or RPM for 3 days. B: cell proliferation was determined by counting the number of cells in each OptiCell using the Coulter counter as shown in the bar graph (mean Ϯ SE; n ϭ 6).
tivity is consistent with the inhibitory effects of microgravity on osteoblast differentiation and bone formation.
Simulated microgravity altered gene expression profiles of 2T3 cells as determined using microarray studies. By performing microarray studies, we were able to analyze the global changes in the gene expression profiles of 2T3 cells exposed to simulated microgravity. Among 10,000 gene probes examined with the microarray, only 88 were downregulated and 52 were upregulated to statistically significant levels (P Ͻ 0.05) more than twofold compared with the static control levels (Fig. 4) . Table 2 categorizes genes with known functions from the microarray studies that were upregulated or downregulated significantly (P Ͻ 0.05) more than twofold above the control. Because these genes were sorted on the basis of typical cell function using the GoMiner program, genes with no known functions were not included in this analysis. Table 3 shows genes from the microarray study that have potential involvement in osteoblast differentiation and matrix mineralization, regardless of the twofold change threshold.
Many osteoblast genes that have been shown to be relevant in bone formation were influenced by simulated microgravity. Alkaline phosphatase, a known marker for bone formation, was downregulated fivefold below the static 1-g control using simulated microgravity. Runx2, a transcription factor regulating osteocalcin levels, was downregulated 1.88-fold in microgravity compared with the static 1-g control condition. Parathyroid hormone receptor 1 (pthr1), which acts directly on the skeleton to promote Ca 2ϩ release from bone and on the kidney to enhance Ca 2ϩ reabsorption, was downregulated fivefold by simulated microgravity. On the other hand, inducers of osteolytic activity were also upregulated by simulated microgravity. For example, cathepsin K (ctsk) was upregulated 1.66-fold above the static 1-g control. Although the relative changes for runx2 and ctsk fall slightly below the twofold change threshold for significance, we think that both of these genes are potentially important in microgravity-induced genetic changes observed in 2T3 cells because of their established relevance in bone formation and resorption. Thus we also verified the microarray relative changes of these genes using RT-PCR.
These results are consistent with the notion that simulated microgravity decreases the expression of genes necessary for differentiation, matrix formation, and subsequent mineralization while increasing the expression of genes that trigger osteoclast activity.
CodeLink bioarray was verified using quantitative reverse transcriptase real-time PCR. To verify the results of the microarray studies using real-time PCR, we decided to choose genes that have been shown to be involved in osteoblast differentiation and bone mass regulation. The same samples used for the CodeLink bioarray assays were used for real-time PCR. All real-time PCR data shown in Fig. 5 , A-E, were normalized to the internal control, 18S, and the relative changes were determined by dividing the amount of a gene exposed to simulated microgravity by the static 1-g control (Fig. 5F ). 2T3 cells exposed to simulated microgravity had decreases in alp, runx2, pthr1, and osteomodulin (omd) gene expression of 0.2, 0.5, 0.2, and 0.2-fold, respectively, as evaluated using the CodeLink bioarray. In addition, 2T3 cells showed an increase in ctsk of 1.66-fold. To verify these results, quantitative RT-PCR was performed. While the primers used for omd and ctsk were designed by us, the other primers used for quantitative real-time PCR were as described in the publications listed in Table 1 . The gene expression changes revealed using real-time PCR for alp, runx2, pthr1, and omd were 0.2, 0.7, 0.3, and 0.2-fold, respectively. The change in ctsk revealed using RT-PCR was 1.67-fold. In addition, we confirmed the expression of nongravisensitive genes such as bone morphogenic protein 4 (BMP4) and cystatin C (cys C) using immunoblotting. We show that the changes for BMP4 and cys C determined using Western blot analysis were 1.12-and 1.13-fold, respectively, and that those found using Codelink were Fig. 4 . Overall effects of simulated microgravity on gene expression profiles of 2T3 cells gathered from the microarray analysis. Total RNA was isolated from 2T3 cells exposed to simulated microgravity or static 1-g controls in OptiCells for 3 days as described in Fig. 2 . For each sample (n ϭ 3 for microgravity and static 1-g control), cRNA was then synthesized by performing reverse transcription and hybridized to probes on individual CodeLink bioarrays corresponding to 10,000 mouse genes. Statistical analysis identified 140 of 10,000 genes that changed more than twofold above or below static 1-g control (P Ͻ 0.05). Scatterplot shows mean intensities of each gene probe using data obtained from all microarrays (n ϭ 3, simulated microgravity and static 1-g control). Genes changed by simulated microgravity more than twofold above or below static 1-g levels are shown as solid dots, while all others are shown as shaded dots. The full data set is available at the NCBI-GEO web site (accession no. GDS 928). Fig. 3 . Simulated microgravity inhibits alkaline phosphatase activity of 2T3 cells. Three days after seeding (day 0), 2T3 cells in the OptiCells were placed on the RPM or exposed to the static 1-g condition for 1, 3, 5, or 9 days. The alkaline phosphatase activity in the cell lysate was determined using a colorimetric Sigma assay as described in METHODS. The line graph represents average alkaline phosphatase activity normalized against milligrams of cell lysate proteins. Data are means Ϯ SE; n ϭ 9. *P Ͻ 0.05. (Fig. 5G) . The different methodologies used (real-time PCR, immunoblotting, and microarray assay) produced highly consistent results, providing a level of assurance regarding the validity of the microarray data.
DISCUSSION
The novel and most significant finding of the current study is that exposure of preosteoblasts to simulated microgravity using the RPM recapitulates some of the expected changes associated with the bone loss response observed in spaceflight. As expected in spaceflight microgravity conditions, simulated microgravity induced a loss of alkaline phosphatase mRNA and activity, a marker of differentiation. We also found that this change occurred without altering the cell proliferation and gross morphology of 2T3 cells. Using this in vitro system, the current study generated a list of genes that are upregulated, downregulated, or unchanged by simulated microgravity. Several genes that are suspected to be involved in bone formation and loss have been found to change in the expected manner. We selected seven genes (alp, runx2, pthr1, omd, ctsk, BMP4, and cys C) from the list and verified the microarray results using real-time PCR or Western blot analysis.
Microgravity-induced bone loss in humans and animals has been shown to be mediated at least in part by osteoblast differentiation, and alkaline phosphatase is a well-known marker for it (3, 6, 20) . Our finding that 2T3 cell exposure to the RPM decreased alp and runx2 expression is consistent with the spaceflight data obtained with osteoblasts as well as with other simulated microgravity data using cultured calvaria, human mesenchymal stem cells, and MC3T3-E1 cells exposed to a rotating wall vessel (5, 7, 25, 42) . The decrease in alkaline phosphatase activity could be used as an indicator of spaceflight-induced inhibition of preosteoblast differentiation to osteoblasts, leading to bone loss (10) . The runx2 gene, a member of the runt homology domain transcription factor family, which regulates osteocalcin, is an essential transcription factor for osteoblast differentiation and bone formation. We found that runx2 was downregulated almost twofold below the static 1-g control. Osteocalcin protein levels in conditioned medium, however, were too low to be detected in our studies because of a relatively short experimental duration of up to 9 days, and this finding is consistent with the findings described in a previous report (11) . On the other hand, osteocalcin level was shown to be decreased by exposure to rotating wall vessel in mouse calvaria and a different osteoblast cell line, MC3T3-E1 (25, 42) . Osteomodulin belongs to a small, leucine-rich proteoglycan family and is involved in bone matrix formation (4). Our present study showing the downregulation of osteomodulin by simulated microgravity supports our hypothesis. The decrease in parathyroid hormone-related protein, which plays a role in Ca 2ϩ mobilization, has been linked to the decrease in bone density and bone loss in rats during spaceflight (32) . In this light, our result demonstrating that PTH receptor 1 mRNA levels decrease by simulated microgravity is also consistent with the spaceflight data. In addition to the downregulated genes, several genes and proteins were upregulated. Cathepsin K, which is a member of the papain family of cysteine proteases, is expressed mostly in osteoclasts and plays a critical role in bone resorption (22, 41) . More recently, however, cathepsin K has been found in nonosteoclastic cells such as thyroid epithelial cells (41) . As far as we know, our present study represents the first time that cathepsin K expression has been found in osteoblasts. At present, the biological and pathophysiological implications of cathepsin K expression in . Microarray results were verified using real-time PCR for genes that were upregulated or downregulated in response to simulated microgravity and using Western blot analysis for genes that did not change. Aliquots of total RNA used for microarray studies (n ϭ 3, simulated microgravity and static 1-g control) shown in Fig. 4 were used in quantitative real-time PCR assays for five selected genes. Additional sets of total RNA that were obtained from other microgravity and control experiments were used in this study. A-E: mRNA copy numbers of alkaline phosphatase (alp), runt-related transcription factor 2 (runx2), parathyroid hormone 1 receptor (pthr1), osteomodulin (omd), and cathepsin K (ctsk) were quantified from standard curves using the known amount of corresponding murine cDNA as well as the amount of 18S rRNA. Error bars represent means Ϯ SE; n ϭ 4 -6. *P Ͻ 0.05. F: comparison of the CodeLink bioarray fold changes with the quantitative RT-PCR results. G: whole cell lysate obtained from simulated microgravity and static 1-g experiments described in Fig. 4 were used for Western blot analysis with antibodies to bone morphogenic protein 4 (BMP4), cystatin C (cysC), and actin. Blot shown is representative of three independent studies. We also examined some genes that were not shown to change in response to simulated microgravity according to the microarray data. For example, BMP-4 and cys C mRNA levels in the RPM-exposed group showed 1.0-and 0.7-fold changes, respectively, over the controls. We performed Western blot analysis to examine their protein expression levels with specific antibodies to BMP-4, cys C, and actin (as a control) using lysates obtained from 2T3 cells exposed to 3 days of simulated microgravity or static 1-g control conditions. As expected, we did not find any significant difference in their protein expression levels (Fig. 5) .
In addition to simulated microgravity, cells in our in vitro system showed a low level of shear stress and strain on the basis of our computational modeling studies. Our model predicts a minor portion of the cells close to the long frames of the OptiCell disk showing significantly less than 1 dyn/cm 2 of shear stress for a brief moment (Ͻ4 s/min) and Ͻ200 microstrains of mechanical strain for a fraction of the duration of the RPM's rotation. However, the levels of these forces are significantly lower than the reported force magnitudes (as low as 2 dyn/cm 2 shear stress and 500 microstrains) needed to stimulate signaling in osteoblasts (16, 17, 21, 28) . However, it also was shown that as low as 0.14 dyn/cm 2 of continuous shear exposure for 4 h increased cyclooxygenase 2 expression (35) . Therefore, our results need to be interpreted with the caution that at least some of the observed RPM effects may be due to mechanical forces other than simulated microgravity.
In summary, we have developed a novel in vitro system using RPM and OptiCell disks with 2T3 cells, which seemed to recapitulate the bone loss-like response under microgravity conditions during spaceflight. Our data show that exposure to simulated microgravity changed gene expression profiles and the inhibition of differentiation of preosteoblasts to osteoblasts, eventually leading to reduced bone formation. At this point, whether these two events, differentiation and gene expression change, occur in sequence or concurrently is not clear. It is likely, however, these two events are closely interrelated. In addition to tabulating known and expected genes (e.g., alp, runx2, omd, pthr1, and ctsk), we have developed a list of unknown and uncharacterized genes that dramatically changed after exposure of 2T3 cells to simulated microgravity. The functional characterization of these expected and unexpected genes will provide critical insight into understanding the mechanisms of microgravity-induced bone loss. Moreover, these studies may lead to the identification of the novel targets of therapeutic interventions to prevent or to cure bone loss in astronauts as well as in the general patient population with metabolic bone diseases.
